Background Major disadvantages of antibiotic bone cements include limited drug release and reduced strength resulting from the addition of high doses of antibiotics. Bacterial cellulose, a three-dimensional hydrophilic mesh, may retain antibiotics and release them gradually. We hypothesized that the addition of cellulose to antibiotic bone cement would improve mechanical strength and antibiotic release. Questions/purposes We therefore examined the mechanical strength and antibiotic release of cellulose antibiotic cement.
Introduction
Antibiotic-loaded acrylic bone cements are used to control bone infections in open fractures [20, 23] , osteomyelitis [23] , and prosthetic joint infections [12, 22] . Antibiotics can be incorporated into polymethylmethacrylate (PMMA) cement; subsequent elution produces high local concentrations of antibiotic while simultaneously minimizing systemic toxicity [6, 23] .
A major disadvantage of currently available antibiotic cements is that an initial burst of antibiotic elution occurs Two of the authors (RM and TN) received funding from the Research Project Promotion Institute, Shimane University. The work was performed at Research Project Promotion Institute, Shimane University. within 24 to 48 hours, with poor subsequent sustained release [11, 12, 16, 21] . When the antibiotic concentration reaches a subinhibitory level, the cement then behaves like a foreign body, increasing susceptibility to secondary infection and potentially fostering resistant organisms [6, 23] .
Although increasing the amount of antibiotic in the cement increases antibiotic release [7, 13] , with at least 3.5 g antibiotics per 40 g PMMA powder being recommended for treating active infections [6, 23] , a high dose of antibiotics impairs the mechanical properties of the cement [12, 13] . Loading greater than 1 g of antibiotics per 40 g of PMMA powder reduces the fatigue performance of the cement by 40% to 60% [4, 12, 17] . With antibiotic loading greater than 2 g of antibiotics per 40 g of PMMA powder, the fracture toughness and compression strength are decreased by 15% [4] and 10% to 15% [4, 7] , respectively. Therefore, to avoid mechanical weakening of such cements, low doses of incorporated antibiotics (less than 2 g per 40 g of PMMA powder) have been recommended [6, 13, 22] . However, despite these efforts, the annual incidence of periprosthetic infections remains at 1% to 4% [1, 10] . Therefore, development of bone cements that can be loaded with high levels of antibiotics while retaining mechanical strength is desirable.
Bacterial cellulose consists of a three-dimensional hydrophilic fibril mesh that is not biodegradable by the human body [19] . Cellulose induces negligible foreignbody and inflammatory responses, is considered biocompatible in vitro and in vivo [8, 18] , and has been used in dressing pads in the clinical setting [19] . The threedimensional hydrophilic mesh can be loaded with antibiotics, which are released gradually to the exterior.
We hypothesized that if antibiotics were incorporated in bacterial cellulose that then was mixed with bone cement, the fragility of the bone cement would be reduced, as the antibiotics would not be mixed with the bone cement directly. In addition, the hydrophilic property of the cellulose would enhance antibiotic release.
Therefore, we determined whether incorporation of bacterial cellulose would improve the mechanical strength of bone cement with a high antibiotic content and increase antibiotic elution.
Materials and Methods
Cellulose antibiotic cement and traditional antibiotic cement were fabricated using 5 g antibiotic per 40 g of PMMA powder with or without bacterial cellulose (n = 80, per formulation). Samples of each type of cement were used for compression testing (n = 15), distraction fracture testing (n = 15), and fatigue testing (n = 12). Plain (antibiotic-free) cement also was examined by the same three mechanical tests. To determine the antibioticrelease profiles, 15 samples of each of the antibiotic cements were immersed separately in buffer, and the cumulative elution was measured using a fluorescence polarization immunoassay ( Fig. 1 ). Given that this was a preliminary study, we did not perform a power analysis and did not examine clinical effects, but we did analyze the in vitro elution kinetics and the mechanical properties of the materials.
Lyophilized bacterial cellulose was purchased as Nata de coco 1 (Aieh Foods Inc, Tomioka, Japan) ( Fig. 2) . The cellulose (2.0 g) was immersed for 4 hours in an antibiotic solution that consisted of 100 mL distilled water, 12 g vancomycin hydrochloride (Eli Lilly, Indianapolis, IN, USA), and 12 g gentamicin sulfate (Sigma-Aldrich, St Louis, MO, USA). Approximately 80% of the solution was absorbed into the cellulose. The wet cellulose was dried in an oven at 50°C for 1 hour, yielding 21.6 g antibiotic-loaded cellulose. The dried, antibiotic-impregnated cellulose was milled using a ceramic mill (Porlex Mill II 1 ; Japan Porlex & Co Ltd, Osaka, Japan), and sieved to collect particles 400 to 500 lm in diameter (Test Sieve JISZ8801; Tokyo Screen Co Ltd, Tokyo, Japan). The particles were mixed with PMMA cement (Surgical Simplex 1 ; Howmedica International, Limerick, Ireland) by adding 5.5 g cellulose particles, containing 2.5 g gentamicin base and 2.5 g vancomycin base, to 40 g PMMA powder. Liquid monomer (20 mL) then was added, and the cement was mixed to a doughy consistency by manual blending with a sturdy polyethylene spatula at approximately 1 Hz for 70 seconds under atmospheric pressure. The doughy bone cement was spread into a silicone rubber mold and compressed with a silicone plate at 100 kPa for 2 hours [15] . Control samples consisted of antibiotic cement without cellulose (traditional antibiotic cement) and PMMA cement without antibiotics or cellulose (plain cement) ( Table 1) . The samples used for compression testing were cylindrical, 6 mm in diameter, and 12 mm in length [9] . The samples used for fracture and fatigue testing were prepared according to ASTM D5045 [2, 14] and ASTM F2118-03 [3, 14] , respectively. Cylindrical cement samples with a surface area of 1.13 cm 2 (diameter, 6 mm; height, 3 mm) were prepared to determine the antibiotic release profiles [5] .
The specimens occasionally contained surface and internal flaws that were 1 to 2 mm in diameter, as detected during examination of the surface and on radiographic film (Softex M150; Softex, Kanagawa, Japan). To confirm flaw size, a surgical microscope was used at 925 magnification (Leica M520; Leica Microsystems Japan, Tokyo, Japan). Only flaws larger than 0.5 mm in diameter were taken into account [13] . Specimens that contained more than one flaw were rejected and were not tested. Overall, nine of 80 cellulose antibiotic cement samples, 19 of 80 traditional antibiotic cement samples, and six of 80 plain cement samples were rejected and not tested owing to the presence of flaws larger than 0.5 mm in diameter.
The cement samples were stored in 40 mL phosphatebuffered saline (PBS) (pH 7.0) at 37°C for 168 hours and then mechanical tests were performed. The accuracy of sample positioning and load weighting was ± 0.5% of the recorded values (Instron Series 5560; Instron Co., Canton, MA, USA). Compression tests were performed at a crosshead compression rate of 20 mm minute -1 [9] . Fracture toughness tests were performed at a crosshead distraction rate of 10 mm minute À1 [2] . For fatigue testing, the samples were subjected to a cyclical, uniaxial distractioncompression load (± 15 MPa) at a frequency of 0.5 Hz until fracture [3, 14] .
To investigate the in vitro elution kinetics, the cellulose antibiotic cement (n = 15) and traditional antibiotic cement (n = 15) were examined using a previously described system [21] . Briefly, the system consisted of a glass reactor that was hermetically sealed to prevent evaporation. Each cement specimen was placed in 30 mL PBS (pH 7.4) and held in place by stainless steel wire. The test solution was maintained at 37°C and stirred at 50 rpm. Nine 0.5-mL aliquots were withdrawn using a pipette at intervals of 1, 6, and 24 hours and 2, 3, 4, 7, 14, 21, and 35 days. The concentrations of vancomycin and gentamicin (4.1-35.8 lg/mL) were measured using a fluorescence polarization immunoassay (AxSYM 1 ; Abbott Laboratories, Abbott Park, IL, USA).
Multiple group comparisons of compression strength, fracture toughness, fatigue life, and cumulative release were performed using the Tukey-Kramer post hoc test. To evaluate the effect of the cement formula on the variability of the plural parameters, coefficients of variation were calculated from the standard deviation divided by the average value and analyzed using nonrepeated two-factor ANOVA. These tests were performed using SAS 8.02 software (SAS Institute, Cary, NC, USA). Fatigue life also was analyzed using a three-parameter Weibull method with the MATLAB 7.9 software (The MathWorks, Natick, MA, USA) [14] .
Results
Compared with plain cement, the compression strength, fracture toughness, and fatigue life of the cellulose antibiotic cement averaged 97%, 97%, and 78%, respectively. The probability values for the differences between the cellulose antibiotic cement and plain cement were 0.13 for compression strength, 0.14 for fracture toughness, and 0.52 for fatigue life. The traditional antibiotic cement exhibited 79% of the compression strength, 82% of the fracture toughness, and 17% of the fatigue life of the plain cement.
The probability values for the differences between the traditional antibiotic cement and the plain cement were \ 0.0001 for all three parameters ( Table 2 ). The Weibull shape factors of the three cement formulations were within a narrow range of 1.02 to 1.22, indicating that the life-distribution curves of the three cements had similar shapes. The values obtained for the Weibull characteristic fatigue life and Weibull mean fatigue life revealed a clear demarcation between the cellulose antibiotic cement and the traditional antibiotic cement ( Table 3) .
The cumulative release of vancomycin was greater from the cellulose antibiotic cement than from the traditional antibiotic cement at Days 14 (p = 0.0058), 21 (p = 0.0017), and 35 (p = 0.0015) (Fig. 3) . The average levels of vancomycin released from the cellulose antibiotic cement relative to those from the traditional antibiotic cement were 113% after 14 days, 117% after 21 days, and 123% after 35 days. The proportions of released drug to loaded drug at Day 35 were 19.1% for the cellulose antibiotic cement and 15.5% for the traditional antibiotic cement (Fig. 3) . The cumulative levels of gentamicin released also were greater from the cellulose antibiotic cement than from the traditional antibiotic cement at Days 14 (p = 0.0012), 21 (p \ 0.0001), and 35 (p \ 0.0001). The average levels of gentamicin released from the cellulose antibiotic cement relative to the levels released from the traditional antibiotic cement were 122% after 14 days, 127% after 21 days, and 135% after 35 days. The proportions of released drug to loaded drug at Day 35 were 17.7% for the cellulose antibiotic cement and 13.2% for the traditional antibiotic cement (Fig. 4 ). Values are expressed as mean ± SD, with range in parentheses. The coefficients of variation of the cellulose cement were significantly less than those of the traditional antibiotic cement (p = 0.0014), ie, 0.052 versus 0.108 for compression strength, 0.029 versus 0.074 for fracture toughness, 0.077 versus 0.146 for vancomycin release at Day 35, and 0.089 versus 0.154 for gentamicin release at Day 35. Thus, the data for the cellulose antibiotic cement were more consistent than those for the traditional cement. The fatigue-life data were not included in the analysis, because they did not fit normal distribution curves, as reported previously [13] [14] [15] .
Discussion
A major disadvantage of traditional antibiotic bone cements is that release of the antibiotics is limited [11, 12, 16, 21] . Although increasing the amount of antibiotic incorporated increases the level of its release [7, 13] , 4 g or greater of antibiotic to 40 g of PMMA powder compromises the compression strength [7, 12] , fracture toughness [4] , and fatigue life [12, 13, 17] of the material. Therefore, we investigated whether incorporating bacterial cellulose would improve the mechanical strength of bone cement containing 5 g of antibiotics and increase antibiotic release.
We recognize that there are certain limitations to our study. First, we did not evaluate several important factors that may be correlated with the in vitro studies described here, such as the in vivo elution kinetics, in vivo mechanical behavior, and inhibition of bacterial proliferation and biofilm formation [12, 22] . Elucidation of these factors is crucial. Second, we cannot draw any conclusions regarding the effects of incorporating cellulose into bone cements in clinical practice. However, our data do suggest that incorporating cellulose into bone cement is advantageous and warrants further study. Third, the optimal loads of antibiotics and cellulose were not determined. These issues should be examined in future studies, with a focus on clinical applications, such as implant fixation and the control of resistant organisms.
The mechanical strength of antibiotic cement containing 5 g of antibiotic per 40 g PMMA powder was improved by incorporating cellulose. Although there is a lack of consensus regarding experimental designs when considering enhancement of the mechanical properties of bone cement [12] , the use of antibiotics at dosages of 4 g or greater has resulted in reduced compression strength [7] and fatigue life [13] , with values similar to those obtained for the traditional antibiotic cement in this study (Table 4 ). Our study showed that bone cement incorporating bacterial cellulose maintains its compression strength and fracture toughness even when loaded with 5 g of antibiotic.
Although the fatigue life of the cellulose antibiotic cement tended to be shorter than that of plain cement, it was 4.5 times longer than that of traditional antibiotic cement. This unique property of cellulose antibiotic cement might permit loading with high levels of antibiotics (3.5 g or greater) [6, 23] in applications such as implant fixation, for which mechanical strength and longevity are essential [13, 22] .
After incorporation of cellulose into bone cement, the cumulative release of antibiotics over 14 days was greater. PMMA-based cement is hydrophobic and impermeable to * Amount incorporated per 40 g cement powder; relative value of the average compared with that of a plain cement that does not contain an antibiotic; à relative value of the average compared with that of cement that contains 0.9 g gentamicin.
antibiotics [12] , whereas cellulose is hydrophilic and antibiotic-permeable [19] . Therefore, antibiotic release may be facilitated by gradual penetration of fluid through an interconnecting series of hydrophilic cellulose and antibiotic agglomerates. Absorbable materials such as dextran [11] , poly e-caprolactone [16] , and lactose [21] , have been used to increase antibiotic release from bone cement impregnated with low doses of antibiotics, resulting in release rates threefold to fourfold greater than those from traditional antibiotic cement: traditional cement versus dextran-loaded cement (91 lg/cm 2 versus 323 lg/cm 2 ) [11] , versus poly e-caprolactone (306 lg/cm 2 versus 960 lg/cm 2 ) [16] , and versus lactose (460 lg/cm 2 versus 2100 lg/cm 2 ) [21] . In the current study, using a high dose of antibiotics, cellulose incorporation increased antibiotic release by only 1.3-fold as compared with traditional cement. However, the cumulative release rates per unit of surface area of the cements that contained absorbable materials were similar or less than the corresponding values for antibiotic cement. There also has been concern that incorporating absorbable materials might compromise the mechanical properties of the cement. An antibiotic cement containing poly(e-caprolactone) had only 50% of the compression strength and 35% of the tensile strength of a traditional antibiotic cement [16] (Table 5) . Although additional studies are needed to compare release modulators under the same experimental conditions, our data suggest that incorporation of cellulose can increase antibiotic release from bone cement containing a high level of antibiotics while preserving its mechanical properties. Unexpectedly, we found fewer flaws in the cellulose antibiotic cement than in the traditional antibiotic cement, in which the incidence of flaws was 23%, similar to the incidence in a previous study [13] . These flaws might contribute to an initial burst of antibiotic release or to mechanical fragility [12, 21] . Even in the samples without flaws, the variability of the features examined was less pronounced in the cellulose antibiotic cement than in the traditional antibiotic cement. As antibiotic delivery systems used in clinical practice must be consistent, the lower frequency of flaws and smaller variance favors cellulose antibiotic cement over traditional antibiotic cement.
Compared with a traditional antibiotic cement with a high dose of antibiotics (5 g per 40 g cement powder), incorporating antibiotic-loaded cellulose prevented reductions in compression strength and fracture toughness, reduced adverse effects on fatigue life, and increased antibiotic release. Cements containing antibiotic-loaded cellulose may have applications in clinical situations that require a high level of antibiotic release and preservation of the mechanical properties of the bone cement. * Amount incorporated per 40 g cement powder; amount released with modulator relative to amount released without modulator; à compression strength with modulator relative to that without modulator.
